The cottontail rabbit papillomavirus (CRPV) a and b subtypes display a conserved E8 open reading frame encoding a 50-amino-acid hydrophobic protein, with structural similarities to the E5 transmembrane oncoprotein of genital human PVs (HPVs). CRPV E8 has been reported to play a role in papilloma growth but not to be essential in papilloma formation. Here we report that the knockout of E8 start codon almost prevented wart induction upon biobalistic inoculation of viral DNA onto rabbit skin. The scarce warts induced showed very slow growth, despite sustained expression of E6 and E7 oncogenes. This points to an essential role of E8 in disturbing epidermal homeostasis. Using a yeast two-hybrid screen, we found that E8 interacted with the zinc transporter ZnT1, protocadherin 1 (PCDH1), and AHNAK/desmoyokin, three proteins as yet unrelated to viral pathogenesis or cell transformation. HPV16 E5 also interacted with these proteins in two-hybrid assay. CRPV E8 mainly localized to the Golgi apparatus and the early endosomes of transfected keratinocytes and colocalized with ZnT1, PCDH1, and AHNAK. We showed that ZnT1 and PCDH1 formed a complex and that E8 disrupted this complex. CRPV E8, like HPV16 E5, increased epidermal growth factor (EGF)-dependent extracellular signal-regulated kinase 1/2 (ERK1/2) phosphorylation and both the EGF-dependent and the EGF-independent activity of activating protein-1 (AP-1). Competition experiments with a nonfunctional truncated ZnT1 protein showed that E8-ZnT1 interaction was required for AP-1 activation. Our data identify CRPV E8 as a key player in papilloma induction and unravel novel cellular targets for inducing the proliferation of keratinocytes.
Papillomaviruses (PVs) are small DNA viruses that induce cutaneous and mucosal epithelial proliferations in animals and humans. These lesions usually regress, but those associated with a subset of PVs may persist and progress into invasive carcinomas. The Shope cottontail rabbit papillomavirus (CRPV) induces skin warts and carcinomas in domestic rabbits (50) . Among human PVs (HPVs), HPV5 is associated with flat wartlike lesions and carcinomas of the skin in patients suffering from epidermodysplasia verruciformis (47) , and genital highrisk HPVs, mainly HPV16 and -18, cause anogenital intraepithelial lesions and are responsible for the vast majority of carcinomas of the uterine cervix (64) . PVs contain two main oncogenes, E6 and E7, that are essential for epithelial proliferation and vegetative viral DNA replication. Both play a central role in the malignant progression of lesions associated with high-risk genotypes (for reviews, see references 10 and 44). High-and low-risk genital HPVs encode also an E5 oncoprotein with weak transforming activity in vitro. HPV E5 are short hydrophobic proteins associated with intracellular membranes that upregulate the mitogen-activated protein kinase (MAPK) signal cascade initiated by the epidermal growth factor (EGF) receptor (reviewed in reference 20) and increase the transcription of jun and fos early response genes in both EGF-dependent and EGF-independent manners (7, 14, 40) . The E5 gene is considered as no longer expressed in most cervical cancers, although recent evidence points to the expression of E5 protein in squamous cell carcinomas harboring episomal HPV16 genomes (13) . The function of HPV E5 in vivo remains poorly understood (20) , contrasting with the well-characterized E5 protein of bovine papillomavirus type 1 (BPV1), a virus that causes fibropapillomas in cattle and is capable of inducing cell transformation in vitro. E5 is the major BPV1 transforming gene in transformed cells and is believed to be responsible for the proliferation of dermal fibroblasts in vivo (33) .
The CRPV constitutes the most amenable model to analyze the function of PV genes in vivo (10) . CRPV is unlikely to encode a functional E5 protein (9, 51, 62) but displays an E8 open reading frame (ORF) (28) with a coding potential for a 50-amino-acid protein structurally related to the E5 protein encoded by BPV1 and genital HPVs (31) . CRPV E8 shows little, if any, transforming activity in vitro (31) but has been reported to induce anchorage-independent growth of rodent cell lines in the presence of platelet-derived growth factor (PDGF) (30) . The E8 protein has been shown to induce protective immunity against virus challenge in rabbits and has been reported to play a role in papilloma growth but not to be essential for papilloma formation (34) .
Here we report for the first time that E8-knockout CRPV genomes display a dramatically reduced ability to induce skin papillomas in rabbits, which indicates that E8 provides an essential function in papilloma formation. We found that E8 interacted with the zinc transporter ZnT1, protocadherin 1 (PCDH1), and AHNAK/desmoyokin, three cellular proteins with no clear functional relationship and not yet related to viral infections or cell transformation. We observed that ZnT1 primer. The resulting PCR fragment was inserted into the pCiNeo vector. The MMP1-luc plasmid has been described previously (37) and was kindly provided by Fatima Mechta-Gregoriou (Institut Pasteur, Paris, France). All other constructs were obtained by recombinational cloning using Gateway technology (Invitrogen) according to the manufacturer's instructions. Briefly, CRPVa and CRPVb E8 were amplified by PCR with AttB-modified primers to allow insertion into gateway-modified pGBKT7 and pHcRed-N1 vectors (Clontech). Similarly, HPV16 E5 coding sequence (nt 3850 to 4101) was amplified from the prototypical HPV16 genome and inserted into pGBK-T7 and pCiNeo plasmids. ZnT1 full-length cDNA was obtained by RT-PCR from HaCaT total RNA and inserted into gateway-modified pEGFP-C1 plasmid (Clontech) or pCiNeoFlag plasmid (modified from pCiNeo by insertion of an IBI triple flag sequence). Sequences encoding ZnT1 ⌬1-177 , AHNAK 1660-2200 , AHNAK 3926-5643 , and PCDH 1620-1060 fragments and full-length PCDH1 were amplified from pACT2 clones isolated during the two-hybrid screen and cloned into gatewaymodified pEGFP-C1 and pCiNeo-Flag vectors.
Immunoprecipitation and Western blot analysis. Transient expression of GFP-and flag-tagged proteins was achieved by calcium phosphate transfection of HEK-293T cells. Protein extracts were prepared in radioimmunoprecipitation assay buffer and immunoprecipitation was performed with Protein G Plus/Protein A-Agarose beads (Oncogene Research Products) previously coated with anti-flag M2 (Sigma) or anti-GFP (Clontech) antibody. Immunoprecipitates were then submitted to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotted with mouse anti-GFP monoclonal antibody (MAb; Clontech), mouse anti-Flag M2 MAb (Sigma), or rabbit anti-AHNAK (KIS) polyclonal antibody (a generous gift from Benoit Gentil, CEA, Grenoble, France), followed by peroxidase-conjugated anti-mouse or anti-rabbit secondary antibodies.
Fluorescence microscopy. HaCaT cells were plated on 18-mm glass coverslips and cultured in Eagle minimal essential medium (Gibco) supplemented with 10% fetal calf serum (FCS), 6.5 ng of EGF (Sigma)/ml, 2 mM L-glutamine, and 0.5 g of hydrocortisone/ml and antibiotics. Transfections were performed with high-molecular-weight polyethylenimine (Sigma) as previously described (6) , and cells were fixed in 4% paraformaldehyde 24 h thereafter. The following primary antibodies were used: mouse anti-EEA1 MAb, mouse anti-Golgin-97 MAb, and mouse anti-GM130 MAb (all from Transduction Laboratories). For activated EGFR colocalization studies, HeLa cells were maintained in Dulbecco minimal essential medium (Gibco) supplemented with 10% FCS and antibiotics and cotransfected by calcium phosphate precipitation with E8-GFP plasmid, together with the EGFR-pRK5 plasmid (32), a generous gift from Sheila Harroch (Institut Pasteur, Paris, France). Cells were serum starved in 0.1% FCS medium for 24 h, incubated 5 min at 4°C with 100 ng of EGF/ml, and chased at 37°C for 15 or 30 min. Activated EGFR was visualized by indirect immunofluorescence with an anti-phospho-EGFR antibody (Transduction Laboratories). Coverslips were mounted in Vectashield or Vectashield plus DAPI medium (Vector Laboratories) and examined under a Zeiss LSM 150 or Leica TC54D confocal microscope or under a Zeiss Axioplan 2 wide-field Apo Tome microscope.
Activation of MAPKs and AP-1 luciferase reporter assays. HEK-293T cells were maintained in Dulbecco modified Eagle medium supplemented with 10% FCS and antibiotics. To analyze the activation of the MAPK extracellular signalregulated kinases 1 and 2 (ERK1/2), HEK-293T cells were transfected by calcium phosphate precipitation with pCiNeo, pCiNeo-E8, or pCiNeo-E5 plasmid and serum starved for 24 h. Cells were treated 10 min with 100 ng of EGF/ml and lysed in NP-40 buffer. Protein extracts were separated by SDS-PAGE, transferred on Hybond ECL nitrocellulose membranes (Amersham), and incubated with an antibody specific for the phosphorylated forms of ERK1/2 (Santa Cruz), followed by a peroxidase-conjugated anti-mouse antibody (Vector Labs). Proteins were visualized by chemiluminescence (Supersignal; Pierce). Membranes were reincubated with an antibody specific for ␣-tubulin (Upstate Biotechnology) to demonstrate equal loading.
For AP-1 reporter assays, HEK-293T cells were seeded on 12-well poly-Llysine-coated plates and transfected with 1 g of each expression vector (the total amount of plasmid DNA was kept to 4 g by addition of pCiNeo), together with 1 g of MMP1-luc reporter plasmid and with 0.1 g of pEGFP-N1 as a transfection control. Cells were serum starved for 24 h and stimulated for 16 h with 20 ng of EGF/ml. Protein lysates were analyzed for luciferase activity with a Lumat LB 9507 luminometer (Berthold Technologies). Transfection efficiency was normalized by measuring GFP fluorescence of lysates with a multiwell Victor 2 fluorimeter (Wallac, Inc.). All experiments were performed in triplicate and repeated at least three times to ensure reproducibility. Mean values were compared by using the unpaired t test. 
RESULTS
CRPV E8 is required for the induction of warts. We previously characterized two CRPV subtypes (CRPVa and CRPVb) with highly divergent E6 and E7 ORFs and with distinct biological properties (51, 52) . Both subtypes contain a conserved E8 ORF, colinear to the E6 reading frame, whose initiation codon lies in the 5Ј part of E6 transcripts (Fig. 1A) . The E8 ORF encodes a 50-amino-acid hydrophobic protein with a 23-amino-acid putative transmembrane domain and with only three variable residues, including two conservative changes (Fig. 1B) . In order to characterize the role of the E8 protein in CRPV biology, E8-knockout CRPVa and CRPVb genomes, referred to as E8(Ϫ), were generated by site-directed mutagenesis of the E8 initiation codon (Fig. 1A) , without affecting the E6-encoded amino acid sequence (31) . Mutant E8(Ϫ) and wild-type (wt) CRPV genomes were inoculated onto the dorsal skin of five outbred New Zealand White rabbits. Each animal received the two wt genomes (four sites each) and the two E8(Ϫ) genomes (eight sites each). Three rabbits were immunosuppressed with methylprednisolone (43) to prevent early wart regression (29, 51) . Multiple warts (5 to 10 per inoculated site) developed within 4 to 8 weeks in all rabbits at most sites inoculated with wt CRPVa or CRPVb (80 and 90%, respectively) (Fig. 1C and D) . In contrast, E8(Ϫ) CRPVa and CRPVb genomes induced only single warts (one or two per site) at fewer inoculated sites (32.5 and 17.5% positive sites), respectively, in only three of the five animals (two immunocompetent and one immunosuppressed rabbits). Early regression of CRPVb and CRPVb E8(Ϫ) warts was observed in one of the two immunocompetent rabbits, whereas no early regression was observed in immunosuppressed animals. Warts induced by wt genomes became large and confluent within 6 to 8 weeks after outgrowth, whereas the scarce warts induced by mutant genomes showed very slow or even abortive growth (Fig. 1C ). These observations demonstrate that E8 is essential both for papilloma induction and for the growth of established warts.
Since E6 and E7 oncogenes are both required for wart formation (63), we examined whether impaired wart growth involved transcriptional downregulation of E6 or E7 genes. No significant difference was found for E6 and E7 expression level, as deduced from the band intensities of RT-PCR products ( Fig. 2A) , and no noticeable variation was observed in the level and distribution of E6 transcripts, as detected by in situ hybridization (Fig. 2B ). Our data indicate that E8 provides an essential function to trigger the proliferation of epidermal cells.
CRPV E8 interacts with AHNAK, ZnT1, and PCDH1 in a yeast two-hybrid assay. As a general approach to address the mechanisms underlying the biological properties of E8, we searched for the cellular targets of E8 by yeast two-hybrid screening. CRPVa E8 (E8a) was taken as a bait to screen a cDNA library established from the HaCaT keratinocyte cell line, using a two-hybrid mating assay (24) . A total of 161 Hisϩ clones were identified, and 82 were validated for interaction by a ␤-galactosidase overlay assay. Among these, 17 clones encoded partial cDNAs of the giant AHNAK protein (Swiss-Prot M80902, X74818) (57). This protein was first described as desmoyokin, a keratinocyte nondesmosomal plaque protein (41), but its function in skin homeostasis is still poorly understood (38) . Of the three cDNA species identified, two encoded nonoverlapping segments composed exclusively of highly conserved repeated units (CRUs) of 128 amino acids (Fig. 3A) . This indicates that AHNAK can bind several E8 molecules via its CRUs. Eleven clones encoded a segment of the ubiquitous zinc transporter ZnT1 (Swiss-Prot AF323590) (48) comprising the two C-terminal transmembrane domains and the C-terminal cytoplasmic domain, but not the N-terminal region required for its activity (48) (Fig. 3A) . Five clones corresponded to the mRNA variant 1 of protocadherin 1 (PCDH1) (SwissProt BC035812), encoding a still poorly characterized transmembrane protein, potentially involved in calcium-dependent cell-cell adhesion and signal transduction (22, 53, 59) . The shortest PCDH1 clone isolated in the screen (residues 730 to 1060) defined a C-terminal region comprising one cadherinlike ectodomain, as well as the transmembrane and cytoplasmic domains (Fig. 3A) . The specificity of the interactions between CRPV E8a and AHNAK, PCDH1, or ZnT1 proteins was confirmed by pairwise two-hybrid assay on ϪHis medium (Fig. 3B) . None of the three proteins showed nonspecific Gal4 transactivation when cotransfected with a vector encoding the Gal4 DNA-binding domain (BD) alone (Fig. 3B) . The CRPVb E8 (E8b) showed the same interactions as the CRPVa E8 protein. In view of the
FIG. 2. Transcription of E6 and E7 oncogenes in warts induced by wt and E8(Ϫ) CRPV genomes. (A) RT-PCR analysis of E6 and E7
transcripts. Total RNA was extracted from warts collected in the same rabbit and reverse transcribed. PCRs were carried out with primers specific for E6 or E7 sequences, together with primers for the keratinocyte-specific desmocollin 2 (Dsc 2) cDNA. PCR products were separated on agarose gel and band intensities were estimated with the Kodak 1D Image Analysis Software (Kodak Digital Science). (B) Detection of E6 transcripts by in situ hybridization. Warts induced in the same rabbit by wild-type or mutant CRPVa genomes were processed for in situ hybridization with an E6-specific 35 S-labeled riboprobe. E6 expression pattern was similar in both lesions and characterized by a strong labeling in the basal and parabasal layers (b) and in the granular layer (gr). Bar, 100 m. structural similarities of CRPV E8 and HPV E5 proteins, we looked for specific interactions between the HPV16 E5 protein and the cellular partners of E8. Most interestingly, HPV16 E5 showed specific binding to each of the three E8-interacting proteins in this assay (Fig. 3B ). To our knowledge, no relationship has been reported between AHNAK, PCDH1, and ZnT1, and none of these proteins has been previously linked to viral pathogenesis or cell transformation. CRPV E8 binds to AHNAK, ZnT1, and PCDH1 in mammalian cell extracts. Coimmunoprecipitation experiments were performed to demonstrate that E8 could interact with AHNAK, PCDH1, and ZnT1 proteins in mammalian cells. Human embryonic kidney (HEK) 293T cells were cotransfected with E8-GFP or GFP plasmid together with flag-AHNAK, flag-PCDH1, or flag-ZnT1 plasmid. The flag-AHNAK fusion construct was obtained from the AHNAK fragment encoding amino acids 1660 to 2200, which contains only CRUs (Fig. 3A) and the flag-PCDH1 expression vector from the fragment encoding amino acids 620 to 1060 (Fig. 3A) . Full-length ZnT1 cDNA was obtained by RT-PCR from HaCaT total RNA. In total cell extracts, flag-AHNAK 1660-2200 and flag-PCDH1 620-1060 proteins were detected at 55 to 60 kDa and 45 to 50 kDa, respectively (Fig. 4A, left panel) , as expected from their calculated molecular mass (59 and 48 kDa, respectively). The flag-ZnT1 protein showed an apparent molecular mass (35-40 kDa) lower than expected (56 kDa), in agreement with previous observations (42) (Fig. 4A, left panel) . Cell lysates were immunoprecipitated with an anti-GFP antibody and precipitates were immunoblotted with an anti-flag antibody. E8-GFP was able to coimmunoprecipitate each of AHNAK 1660-2200 , PCDH1 620-1060 , and full-length ZnT1 (Fig. 4A, right panel) . No interaction was observed in control cells expressing GFP alone. Conversely, the E8-GFP protein was detected in the anti-flag immunoprecipitates obtained from cells expressing flag-ZnT1, flag-PCDH1 620-1060 , or flag-AHNAK 1660-2200 plasmid (Fig. 4B) . No E8-GFP was detected in the immunoprecipitates from control cells expressing no flag-tagged protein or an irrelevant flagged protein (flag-NECAB) (Fig. 4B) . Direct interaction of CRPVa E8 with endogenous AHNAK could also be demonstrated by immunoprecipitation with an anti-AHNAK antibody (anti-KIS [described in reference 56]) (data not shown). These results demonstrate that E8 physically interacts with ZnT1, PCDH1, and AHNAK proteins in mammalian cells.
CRPV E8 colocalizes with AHNAK, PCDH1, and ZnT1 in cytoplasmic vesicles. Confocal analysis of transiently transfected keratinocytes was performed to identify the subcellular localization of E8 and to determine whether E8 colocalizes with its targets. CRPVa E8 subcellular localization was analyzed in HaCaT cells transiently transfected with a E8-GFP fusion construct. Confocal analysis showed a strong labeling of cytoplasmic vesicles, mainly in the perinuclear area, and a weaker labeling of the plasma membrane (Fig. 5) . Complete colocalization was observed between E8-GFP and VSV-E8 fusion proteins (data not shown), thus indicating that the length or the C-terminal or N-terminal position of the tag had no effect on the subcellular localization of the protein. No overlapping was observed between E8-GFP and markers specific for the endoplasmic reticulum (calnexin) or late endosomes (LAMP-1) (data not shown). The distribution of E8 partially overlapped the cis/medial and trans-Golgi networks, stained with antibodies to GM130 (Golgi Matrix protein 130) and golgin 97, respectively (Fig. 5) . Partial colocalization was also observed with early endosomes, as revealed by using an antibody to early endosome antigen 1 (EEA1). Of note, a similar subcellular localization pattern was reported previously for HPV16 and HPV2a E5 proteins (12, 46) .
For colocalization experiments, full-length PCDH1 and ZnT1 cDNAs were used to generate green fluorescent protein (GFP) fusion constructs. Due to the unusually large size of AHNAK coding sequence (16.9 kb), a fusion construct was obtained from a fragment encoding amino acids 3926 to 5643 (Fig. 3A) , which contains the C-terminal domain required for proper AHNAK subcellular localization (45) . HaCaT cells were cotransfected with an E8a-hcRed construct (red fluorescence), together with GFP-AHNAK 3926-5643 , GFP-PCDH1, or GFP-ZnT1 construct (green fluorescence). Each of the three E8-interacting proteins showed colocalization with E8 (yellow staining), mainly in cytoplasmic and perinuclear vesicles (Fig. 5) .
CRPV E8 releases ZnT1 from a complex involving PCDH1. No functional relationship has been reported thus far between AHNAK, PCDH1, and ZnT1. We sought to determine whether these proteins could be part of a common complex. Immuno- precipitation experiments were performed after cotransfection of HEK-293T cells with plasmids encoding flagged full-length PCDH1 and GFP-tagged full-length ZnT1. The AHNAK-specific antibody anti-KIS (56) was used to detect endogenous AHNAK protein (Fig. 6A) . No interaction was observed between AHNAK and PCDH1 or between AHNAK and ZnT1 (Fig. 6A) . In contrast, GFP-ZnT1 fusion protein was detected in flag-PCDH1 immunoprecipitates but not in immunoprecipitates obtained from control cells (Fig. 6B) . Conversely, GFP-PCDH1 was detected as a faint band in flag-ZnT1 immunoprecipitates (data not shown).
We next sought to determine whether E8 could interfere with the formation of the ZnT1-PCDH1 complex. The amount of GFP-ZnT1 detected in flag-PCDH1 immunoprecipitates was reduced in the presence of E8 protein (Fig. 6B) , and
FIG. 5. Localization of CRPV E8 and its targets in keratinocytes.
HaCaT cells were transfected with CRPVa E8-GFP (E8a-GFP) vector (upper panels) or cotransfected with a CRPVa E8-hcRed expression plasmid (E8a-hcRed) together with a GFP-AHNAK 3926-5643 , GFP-PCDH1, or GFP-ZnT1 expression vector (lower panels). Cells were fixed 24 h after transfection and stained with antibodies specific for the trans-Golgi network (anti-golgin-97), cis/medial Golgi (anti-GM130), and early endosomes (anti-EEA1), followed by a Cy3-conjugated secondary antibody (upper panels). Fluorescence emissions were imaged by laser-scanning confocal microscopy. Insets show a higher magnifications of boxed areas. Bar, 10 m. cotransfection of cells with increasing amounts of E8-expressing vector showed that E8 inhibited ZnT1-PCDH1 interaction in a dose-dependent manner (Fig. 6C) . These findings show for the first time that the ZnT1 and PCDH1 transmembrane proteins can form a complex, and establish that E8 interferes with ZnT1-PCDH1 interaction. CRPV E8 enhances EGF-dependent and -independent signal transduction. Previous studies showed that HPV16 E5 enhances EGF-dependent ERK/MAPK signaling and increases the transcription of early response genes such as c-jun and c-fos in both EGF-dependent and EGF-independent manners (20) . We first sought to determine whether CRPV E8 could potentiate EGF-dependent MAPK signaling. HEK-293T cells were transiently transfected with a construct expressing untagged CRPVa E8 or, as a control, the HPV16 E5 protein, and treated with EGF for 10 min. Cell extracts were then immunoblotted with an antibody specific for the active phosphorylated form of ERK1/2. CRPV E8 induced a marked increase in ERK1/2 phosphorylation upon EGF treatment, but no ERK1/2 activation was observed without ligand treatment (Fig. 7A) . Similar results were obtained with cells transfected with the HPV16 E5 gene, in agreement with previous reports (12) .
We next investigated to what extent E8 modulates the transcriptional activity of AP-1 Jun/Fos complexes by using a reporter construct encoding the luciferase gene driven by the AP-1 responsive element of the matrix metalloprotease 1 promoter (MMP1-luc). Cells expressing CRPVa E8 (E8a) or CRPVb E8 (E8b) protein showed a strong AP-1 activation after overnight treatment with EGF (11-and 11.2-fold, respectively) compared to EGF-treated control cells (Fig. 7B) . Cells expressing HPV16 E5 protein (16 E5) showed a sevenfold AP-1 activation. Moderate AP-1 activation was observed in the absence of EGF treatment in cells expressing E8a (4.4-fold) or E8b (3.9-fold), as also observed in cells expressing HPV16 E5 (2.1-fold) (Fig. 7B) . Together, these data indicate that CRPV E8 strongly enhances EGFR signaling to the nucleus but also leads to a moderate AP-1 activation through an EGF-independent signaling pathway.
E8-ZnT1 interaction is required for AP-1 activation. The Caenorhabditis elegans homologue of ZnT1, the cation diffusion facilitator 1, was recently identified as a positive modulator of EGFR signaling (11, 36) . To assess whether E8-ZnT1 interaction was required for AP-1 activation, we performed competition experiments by overexpressing an E8-interacting nonfunctional form of ZnT1. Previous studies showed that the removal of the first 73 residues of ZnT1 created a nonfunctional protein that could not interfere with the activity of the endogenous protein (48) . We used a fragment of ZnT1 lacking the first 177 residues (ZnT1 ⌬1-177 ). The resulting protein lacks the first four membrane-spanning domains but retains the E8-binding domain (Fig. 3A) . AP-1 activity was assessed in HEK-293T cells transfected with either ZnT1 ⌬1-177 or full-length ZnT1 construct. Ectopic expression of full-length ZnT1 resulted in a moderate increase of AP-1 activity (3.2-fold) in response to EGF, whereas ZnT1 ⌬1-177 had no significant effect (Fig. 8A) . E8 expression induced a strong (11-fold) AP-1 activation upon EGF treatment, as expected, and this activation was significantly increased after ectopic expression of fulllength ZnT1 (13-fold versus 11-fold, P Ͻ 0.05 [t test] ). In contrast, coexpression of ZnT1 ⌬1-177 and E8 dramatically decreased EGF-mediated AP-1 activation, down to the level observed in the absence of E8 (Fig. 8A) . These findings support the notion that the interaction of E8 with endogenous ZnT1 is required for the upregulation of EGFR signaling.
Previous reports showed that the EGF receptor and its signal transducers were rapidly translocated to early endosomes after ligand treatment and that EGFR-containing endosomes served as major sites of generation for persistent signaling through the Ras pathway (35) . Since our results showed that E8-ZnT1 interaction was required for EGFR signaling upregulation and that a significant fraction of E8 was localized in early endosomes, we sought to determine whether E8 and ZnT1 localized in EGFR-containing endosomes after EGF stimulation. For these colocalization experiments, we used HeLa cells instead of HaCat cells because they internalized EGFR more rapidly and more efficiently upon ligand treatment (our unpublished observations). HeLa cells contain integrated HPV18 sequences but do not express E5-encoding transcripts (55). Cells were cotransfected with an EGFR expression vector together with E8-GFP or GFP-ZnT1 plasmid. Cells were treated with EGF for 5 min on ice and transferred at 37°C for 15 or 30 min before fixation. The active phosphorylated form of EGFR was revealed by immunofluorescence with a phospho-EGFR specific antibody, followed by a Cy3-conjugated secondary antibody. No red staining was observed in untreated cells, assessing the specificity of the antibody for the activated receptor (Fig. 8B, left panels) . A significant fraction of each of E8-GFP or GFP-ZnT1 colocalized with activated EGFR in small peripheral endocytic vesicles 15 min after ligand treatment (Fig.  8B, middle panels) . Colocalization of both proteins with activated EGFR was still observed 30 min after ligand treatment in larger perinuclear vesicles, suggesting that E8-ZnT1 complexes remain associated with the EGFR signaling complex along the endocytic pathway. Together, our data strongly suggest that the interaction of CRPV E8 with ZnT1 upregulates the EGFR signaling cascade generated from the endosomal compartment.
DISCUSSION
The CRPV E8 ORF encodes a short hydrophobic protein with structural features similar to the E5 transmembrane protein encoded by mucosal HPV genotypes (19, 28, 31, 51) . The precise function of these proteins in vivo remains largely unknown. We report here that E8 plays a central role in CRPV biology, and we identify several E8 cellular targets that provide novel insights into viral pathogenesis.
CRPV E8, a potent growth-promoting factor for keratinocytes in vivo. Abrogation of the CRPVa or CRPVb E8 start codon resulted in a dramatic decrease in the rate of papilloma formation. This is in contrast with the previous finding that E8 was dispensable for wart induction (34) . This apparent discrepancy likely results from different experimental procedures. In our study, viral DNA was inoculated by a biobalistic method without skin pretreatment. In the experiments of Hu et al. (34) , skin was chemically pretreated and scarified prior to DNA inoculation, which increases the susceptibility to CRPV infection (23) . The resulting epidermal hyperplasia and wound healing involve the release of the slow-cycling, self-renewing epidermal stem cells from the tight microenvironmental control that ensures the homeostasis of the epidermis (1, 61) . Epidermal stem cells are the likely primary targets of CRPV infection (54) . It may be assumed that the function of E8 is to trigger the proliferation of quiescent epidermal stem cells and that experimentally induced epidermal hyperplasia and wound healing may allow papilloma induction by E8(Ϫ) mutants by substituting for E8 function.
We also found that E8 was essential for papilloma growth, in agreement with Hu et al. (34) . In papillomas induced by E8(Ϫ) genomes we found no evidence for a transcriptional downregulation of E6 and E7 oncogenes, which are required for papilloma formation (63) . These findings indicate that sustained expression of E6 and E7 oncogenes is not sufficient for proper papilloma growth and that E8 acts on its own as a potent growth-promoting factor for epidermal cells.
CRPV E8 cellular partners, novel targets in viral pathogenesis. To our knowledge, no systematic screening for the identification of E8-or E5-interacting proteins has been reported thus far. Using an exhaustive yeast two-hybrid screen, we found that CRPV E8 could directly interact with at least three cellular proteins, ZnT1, PCDH1, and AHNAK/desmoyokin. None of the E8-interacting clones corresponded to the 16-kDa subunit of the vacuolar H ϩ -ATPase (V-ATPase), a protein previously shown to interact with HPV16 and HPV6 E5 in coimmunoprecipitation assays (15) . Binding of E5 to the V-ATPase mostly relies on hydrophobic transmembrane interactions (26) , and it cannot be ruled out that such interactions may not be easily detected by standard two-hybrid assay (58) . It would be worth testing for the interaction between CRPV E8 and the 16-kDa V-ATPase subunit by both coimmunoprecipitation and pairwise two-hybrid assays. Most interestingly, we found that HPV16 E5 could also interact with ZnT1, PCDH1, and AHNAK in a two-hybrid assay, which raises the possibility that CRPV E8 and HPV16 E5 proteins exert similar biological functions. The biological significance of these interactions is elusive, since the roles of ZnT1, PCDH1, and AHNAK in skin homeostasis and their possible functional relationship remain to be elucidated. A first step toward understanding E8 functions. ZnT1 was first identified as a zinc transporter involved in zinc efflux (48) and was found to be essential for early embryonic development in the mouse (2) . Zinc plays essential structural and catalytic roles in almost all aspects of cell metabolism (16) , and it may be expected that E8-ZnT1 interaction affects several unrelated cellular functions by interfering with zinc transport. Recent studies indicate that the Caenorhabditis elegans homologue of ZnT1, the cation diffusion facilitator 1 (CDF-1), is a positive modulator of EGFR signaling in vulval development (11, 36) . We found that CRPV E8 increased the phosphorylation of the ERK1/2 MAPK and the activity of Jun/Fos AP-1 complexes upon EGF stimulation, as previously reported for the HPV16 E5 protein (7, 12, 14, 40) . Our competition experiments provided strong evidence for the requirement of E8-ZnT1 interaction in AP-1 activation, and our colocalization studies showed that both E8 and ZnT1 colocalized with EGFR signaling complexes in endosomes. However, the precise molecular mechanism by which ZnT1 modulates EGFR signaling remains to be determined. CRPV E8 also induced a moderate activation of AP-1 without EGF treatment, which suggests that E8 and E5 can constitutively activate an EGF-independent signaling pathway leading to AP-1 activation, the nature of which remains to be elucidated. Constitutive activation of AP-1 is sufficient for the induction of skin papillomas in mice (for a review, see reference 3). It is thus likely that EGFR-dependent AP-1 activation by CRPV E8 exerts a crucial role in the induction of skin warts. Consistent with this hypothesis, recent studies indicate that EGFR is required for the induction of epidermal hyperplasia in HPV16 E5 transgenic mice (25) . However, these results rely on overexpression experiments, and further studies are needed to find out whether physiological levels of E8 can efficiently modulate EGFR signaling and AP-1 activity in vivo. It should be stressed that the transformation of fibroblastic cells by BPV1 E5 involves the constitutive activation of another tyrosine kinase receptor, the PDGF receptor (33) . PDGF receptor is abundantly expressed in fibroblasts and mesenchymal cells but normally not in keratinocytes (20) .
Our experiments provided the first experimental evidence for an interaction between ZnT1 and PCDH1 transmembrane proteins and E8 was found to disrupt this interaction. Whether this accounts for the modulation of EGFR signaling via ZnT1 remains to be determined. PCDH1 shares 70% identical amino acids with the Xenopus laevis paraxial protocadherin, which functionally interacts with the Wnt pathway and inhibits Rac1 activity in Xenopus embryo (60) . Since Wnt signaling and Rac1 are critical regulators of epidermal stem cells self-renewal (1, 5) , E8-PCDH1 interaction may contribute to the dysregulation of skin homeostasis by interfering with the Wnt pathway and disconnect infected keratinocytes from the growth-inhibitory signals of neighboring cells.
We found no evidence for interaction between AHNAK and PCDH1 or ZnT1. AHNAK was first identified as desmoyokin, a keratinocyte nondesmosomal plaque protein (41) , but its role in skin homeostasis remains to be determined (38) . AHNAK central repeated units were recently found to mediate the activation of phospholipase C-gamma 1 through protein kinase C (39) . Our data indicate that E8 binds several AHNAK CRUs, rendering possible that E8 modulates membrane phospholipid signaling, as previously reported for the HPV16 E5 protein (17) .
E5 and E8, major players in HPV pathogenesis? CRPV E8 provides an essential function in papilloma formation and growth, most likely by promoting stem cell proliferation. The striking structural similarities and the common cellular targets of CRPV E8 and HPV16 E5 suggest that HPV E5 proteins should exert a crucial role in the induction of genital warts and squamous intraepithelial lesions. Papillomas can be efficiently induced by HPV16 DNA in human foreskin xenografts (8) . It would be of particular interest to investigate the role of HPV16 E5 in vivo using this model. Canonical E5 ORF is a specific feature of mucosal HPVs of the alpha-genus (19) , and most cutaneous HPVs lack a bona fide E5 ORF. However, as-yet-unrecognized E8 ORFs, with coding potential for small hydrophobic proteins, are present in the E6 region of cutaneous HPVs associated with skin warts, including mu-HPV types 1 and 63 and gamma-HPV types 4 and 65 (unpublished observations). In view of our data, it is tempting to speculate that these putative E8 proteins exert a major role in wart formation in humans.
Neither the E5 nor the E8 ORF is found in beta-HPV genotypes, comprising HPV5 and the other genotypes associated with epidermodysplasia verruciformis. Consistent with a role of E5/E8 proteins in lesion formation, EV-HPVs induce only latent infections in the general population (4), and antibodies to HPV5 capsid proteins are only detected upon epidermal repair processes (21) . EV lesions occur in individuals carrying homozygous truncating mutations in either EVER1 or EVER2 genes, encoding transmembrane proteins with unknown function (49) . This could suggest that the inactivation of EVER1 or EVER2 gene complements for the lack of E5/E8 proteins in the induction of EV lesions. Experiments are currently in progress to address this issue (M. Favre, Y. Jacob, J. Mendoza, and P. Cassonnet, unpublished data). Advances in the characterization of papillomavirus E5 and E8 proteins should thus provide us with new insights into the biology of HPVs and keratinocytes and open new avenues for therapeutic approaches.
